SUMMARY: Mediterranean fish farming has grown exponentially during the last 20 years. Although there is little evidence of the impact on the trophy status around fish farms, there are concerns that the release of solute wastes from aquaculture might affect larger scales in the ecosystem by changing the nutrient load. After combining information from various sources on waste production and on nutrient loads, it was concluded that the overall N and P waste from fish farms in the Mediterranean represents less than 5% of the total annual anthropogenic discharge, and the overall annual increase in P and N pools in the Mediterranean, under a production rate of 150000 tons, is less than 0.01%. The proportion of fish farming discharged nutrients was slightly higher in the eastern Mediterranean. A simple model was used to assess the long-term effects of nutrients released from various sources taking into account the water renewal rate in the Mediterranean. We conclude that, in the long term, fish farm waste could cause a 1% increase in nutrient concentrations in contrast to other anthropogenic activities which might double the Mediterranean nutrient pool.
INTRODUCTION
Fish farming interacts with the marine environment at various spatial and temporal scales. Silvert (1992) , has classified these impacts as internal (effects of a particular farm on itself and its immediate environment), local (impacts that affect nearby farms and wild populations within distances in the order of a kilometre) and regional (impacts involving an entire inlet or larger water body with spacial scales of many kms and time scales ranging from a single tidal cycle to an entire season). However, SCI. MAR., SCIENTIA MARINA
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Contribution of fish farming to the nutrient loading of the Mediterranean* there have been concerns that the effluents from aquaculture might have even larger scale impacts due to the rapid expansion of the industry in the coastal zone. GESAMP (1990) , described mariculture as a potential source of eutrophication for the marine environment. The European Environment Agency report on the state of the Marine Environment in the Mediterranean (Gabrielides et al., 1999) , presented the total amount of nutrient discharge in the Mediterranean due to fish farming, implying that there is some potential for hypernutrification (excessive increase in nutrient concentration) or even eutrophication (significant increase in primary production) due to aquaculture expansion. Moreover, Naylor et al. (2000) , discussed nutrient pollution from aquaculture wastes which exceed the assimilative capacity of receiving waters, therefore leading to deterioration in water quality. The Mediterranean has experienced an almost exponential increase in fish farming production during the last 20 years, but until 1994 there was limited information on the environmental impact of the fish farming industry in the Mediterranean (Munday et al., 1994) . During the last five years, there has been some progress in understanding these processes in the Mediterranean through a series of published papers concerning the impact of fish farming on water column chemistry and parasites (Papoutsoglou et al., 1996) , the effects on nutrients and plankton (Pitta et al., 1999; Karakassis et al., 2001) , the effects on seagrass (Delgado et al., 1999; Pergent et al., 1999; Ruiz et al., 2001) , the dynamics of sediment accumulation beneath fish farm cages (Karakassis et al., 1998) , the recovery process of the benthos after cessation of fish farming , and the effects on sediment geochemistry and benthic organisms (MacDougal and Black, 1999; Karakassis et al., , 2002 Mazzola et al., 1999; La Rosa et al., 2001; Mirto et al. 2002) . These studies involved monitoring environmental variables at one or more fish farms in different regions within the Mediterranean and have shown that there are small to moderate effects on the immediate vicinity of the fish farms. In most cases fish farms are sited in locations with high water flushing rates. This results in the nutrients being exported away from the immediate vicinity of the cages. However, it is worth considering whether the continuous export of nutrients from hundreds of sites along the Mediterranean coast, with continuously increasing production is likely to affect the quality of the water at a large scale as implied by Gabrielides et al. (1999) , and as feared by many environmentalists. Bethoux et al. (1998) , have found an increase in nutrient content in deep water in the western Mediterranean and suggested that it is due to anthropogenic inputs. Similar long-term data is not available at present for the eastern basin to see if similar changes have also taken place there. It is the aim of this study to assess whether the additive effect of fish farming could contribute significantly to the nutrient budget and hence to environmental change at very large spatial scales. Water quality at mesoscales (10-100 km) is influenced by the amount of local discharges as well as by the quality of the ambient water reservoir where "pure" water (i.e. not directly affected by the local discharges) enters the system replacing the locally enriched water masses. In this context it is worth knowing what is the quality of the water at larger scales and whether local effects accumulate causing a significant change in ambient conditions.
In the present paper we have combined available information on seabream and seabass production and other anthropogenic discharges as well as oceanographic data on nutrient pools in the Mediterranean. A simple mathematical model was used in order to obtain meaningful estimates and predictions of the potential impact of fish farming on nutrient content in the Mediterranean.
MATERIALS AND METHODS

Nutrient discharge
Detailed mass balance models for the salmonids have been provided by Hall et al. (1992) , and Holby and Hall (1991) , and a number of papers have reported values for nutrient release of different marine fish species including seabream and seabass (Table 1) . In all cases the amount of nutrients recovered through harvest is less than 1/3 of that supplied through the fish feed, but there is considerable variability in the estimates of the proportion of the solute fraction of the wasted part. This variability probably reflects local conditions (such as temperature and oxygen availability) whereas the variability in harvestable proportion reflects both species-related biological factors and management factors. Based on this information, we have chosen an upper and a lower proportion figure ("working figures" in Table 1 ), which seem to be reasonable estimates of the nutrients lost to the environment ignoring one extreme value in every column. The lower figure refers to the solute release only, whereas the upper (maximal) figure comprises both the solute and the particulate fraction i.e. assuming that all the particulate material has the potential to be remineralized. In this context, the maximal rate is perhaps unrealistic but it represents the "worst case scenario" in terms of water quality deterioration.
The model
A simple model was used in order to calculate the maximal quantity of solute wastes remaining in the Mediterranean. The model assumes there is a constant annual discharge of nutrients into the sea and a standard rate of water renewal. This formula implies that the maximal amount of waste that can be retained within the system is a-1 times the annual discharge. For the Mediterranean, where the time for water renewal is 80-100 years (Margalef, 1985; Turley, 1999) , the potential for accumulating any given substance is 79-99 times the annually discharged quantity. However, Q A is approached asymptotically and therefore it takes some time before noticeable effects are found in the environment.
For this model we have used nutrients as "conservative pollutants" and it is assumed that water masses in the Mediterranean mix to a great extent. The potential limitations of these assumptions are discussed in detail in section 4 of the discussion. Furthermore, recent physical oceanographic measurements in Gibraltar imply that the water outflow from the Mediterranean is probably lower than previous estimates (Tsimplis and Bryden 2000) , and therefore the time for water renewal could be higher than anticipated here.
RESULTS
Estimates for the total quantities of the nutrient pool in the Mediterranean, as well as the total atmospheric and terrestrial inputs (ATI) in Table 2 , were derived from Bethoux et al. (1992) , and Bethoux et al. (1998) . Estimates of the anthropogenic discharges were given in UNEP (1996), using two scenarios: (a) N and P from human populations inhabiting the coastal zone in the form of sewage and (b) N and P discharged into the sea from various human activities such as agriculture, the food processing industry, sewage etc. Production figures for the Mediterranean from the Federation of European Aquaculture Producers (http://www.feap.org) showed that 96000 tons of bream and bass were produced in 1999 (estimated 109000 tons for 2000) and for the past 5 years 2/3 of the total production came from the eastern Mediterranean. Fish farming nutrients were calculated for 150000 tons of production (100000 tons in the east Mediterranean), which is a reasonable figure for the next 2-3 years and assuming a 2:1 food conversion ratio (FCR). Two figures (minimum -maximum) of the proportion of nutrient loss were used, covering the range presented in Table 1 . Depending on the basis of the comparison, the contribution of fish farming effluents to the Mediterranean nutrient pool varies considerably (Table 2 ). For instance, P from fish farms could be 0.2-3.5% of the annual anthropogenic discharge, or 0.1-0.55% of the annual ATI. These figures become even higher in the eastern Mediterranean reaching 8% of the P discharged through sewage wastes. However, when compared to the total nutrient pool in the Mediterranean, the annual discharge of fish farming becomes two to three orders of magnitude lower (0.002-0.012% in the Mediterranean and 0.003-0.016% in the Eastern Basin). On the other hand, the anthropogenic discharges seem to contribute half the ATI and they represent more than 1% of the total nutrient pool in the Mediterranean, these figures being considerably lower in the Eastern Basin. In order to estimate the integrated effect of nutrient discharge over time, the cumulative quantities for minimal and maximal estimates of P loss were calculated with the Q t model described above. This model provides estimates on quantities and not on nutrient concentrations. However, when these quantities are compared to the total nutrient pool, the percentage increase may also be regarded as a percentage increase in concentrations since the total amount of water in the Mediterranean can be assumed to remain constant. The results (Table 3) showed that the asymptotic percentage of the fish farming contribution to the total P pool is less than 1% and for the first 20 years it will be less than 0.3%. On the other hand, the increase due to total anthropogenic discharges in the long term (Table 4) is likely to nearly double the concentrations of nutrients in the Mediterranean and even after 30 years it is expected that it could cause an increase of 6 to 30%.
DISCUSSION
Contribution of fish farming to the nutrient pool in the Mediterranean
The results from the present study imply that there is little risk of a noticeable increase in the nutrient concentration in the entire Mediterranean or even in the Eastern Basin as a result of fish farming. At worst and even if all nutrients remained in suspension, the expected increase in nutrient concentrations is within the error limits of most analytical methods. In this context, it could be concluded that fears of large scale effects related to nutrient release are not justified. However, the potential for impairing coastal marine ecosystems by changing the trophic status cannot be ignored, particularly when considering the environmental pressures already exerted by other anthropogenic factors on the Mediterranean coast (Turley, 1999) , which are so strong that they can be paralleled to climatic factors (Duarte et al., 1999) . Significant adverse environmental effects of nutrients resulting from fish farms have been reported in the Mediterranean: long-term impacts (2-4 years) of fish farming on Posidonia oceanica meadows (Delgado et al., 1999) , and the proliferation of benthic microalgae on the seabed due to benthic fluxes of nutrients , are some examples of changes that might occur at spatial scales exceeding 10 m from the cages and at temporal scales exceeding two years after the cessation of fish farming activities.
One of the major objectives of the site selection procedure for fish farming is to avoid areas with low water renewal rates, which would impose risks for the reared stock. Therefore, the possibility of a particular farm affecting itself and its immediate environment should be rather low as has been shown in studies of water quality in the Mediterranean (Pitta et al., 1999) . At the other end of the spectrum, the potential for nutrient release to alter the nutrient regime of a large basin like the Mediterranean is also low. The problem may be at intermediate scales (e.g. of a Gulf) and particularly when poor flushing is involved. In this case, it is possible that nutrient concentrations may rise considerably depending on the volume of the Gulf, the amount of nutrients discharged and the time needed for water renewal. It has been argued (Pitta et al., 1999) , that these effects are more likely to occur during the summer period when there is high light availability and maximal discharge of farm-nutrients in the normally nutrient depleated surface layers of the water column.
The Mediterranean fish farming industry is still in its adolescence and therefore, it is quite likely that technology will improve, leading to more efficient use of fish feed and less nutrient loss per ton of fish NUTRIENT LOADING FROM FISH FARMS 317 produced. In that case, despite the expected further increase in production, the figures for nutrient loss will not increase proportionally as happened with the salmon industry in the 1990s where the food conversion ratio dropped to 0.8:1 allowing a less environmentally damaging (and more profitable) development of the industry than in the previous 2 decades. According to Chopin et al. (2001) , the annual discharge of N and P per ton of salmon produced decreased by 55% and 26% respectively in less than 10 years. Furthermore, considerable effort is being made to develop sustainable mariculture systems in which the effluent is used for secondary production such as seaweed-abalone production (Neori et al., 2000) , or the use of biofilters. It is also worth noting that as well as fish farming, mussel cultures have also increased considerably in the Mediterranean during the last decades. This type of aquaculture has the opposite effect on the water column because it removes large quantities of particulate N and P and in fact it has been suggested (Kautsky and , that it may be used as a means of reducing the environmental impacts of fish farming. The emerging issue of integrated mariculture with the use of inorganic and organic extractive aquaculture (Chopin et al., 2001) , close to fish farms could further reduce nutrients discharged into the marine environment transforming wastes into raw material for a profitable industry.
Critique of the methods used to assess fish farming impacts
In the present paper we have compared the amount of nutrients resulting from fish farming activities to those resulting from other anthropogenic sources as well as to the total nutrient quantities in the Mediterranean and the Eastern Basin. The percentages obtained through these comparisons can be as high as 8% or as low as 0.1% depending on the basis of the comparison. In all cases the input represents less than 0.02% of the total nutrient quantity in the Mediterranean.
This huge variation (three orders of magniture) might be very important when explaining the effects to the regulating authorities and to the public. Frightening features emerge when comparing nutrients released from fish farming to anthropogenic wastes, particularly when the basis for the comparison is only the amount of nutrients derived from human excreta. A number of papers have used this type of comparison involving person equivalents (Folke et al., 1994) , calculating the percentage of mariculture effluents over all types of nutrient discharges in Finland (Maakinen, 1991) , or comparing nutrients from fish farms in Norway to the total population of the country (Leffertstra, 1991) . However, these figures are of little use when no account is taken of the total assimilative capacity of the recipient water. For instance, it is possible that a 300% increase in nutrient discharges may be harmless when the receiving water body is adequately flushed or when the quantity over which this increase is calculated is very small, whereas a 5% increase might cause severe degradation when the system is close to the maximum assimilative capacity (Krom, 1986) .
Other sources of nutrient enrichment
Anthropogenic discharges seem to contribute considerably to the Mediterranean nutrient reserves. According to Bethoux et al. (1999) , over the last 30 years there has been a steady 0.5% annual increase in the nutrient concentrations in the Mediterranean, which means that today's concentrations are about 16% (i.e. 1.005 30 ) higher than those in the late 1960s when it was assumed that the nutrient regime (at least in the Western Basin) was fairly close to a steady state. According to the model we used (Table 4) , it is likely that with the figures estimated in scenario 2 of the UNEP (1996) report, there is a risk of a 30% increase during the next 30 years and of 100% increase in the long term. The long term nutrient increase due to ATI is probably a gross exaggeration since a very large proportion (50-90%) of this nutrient source has always been there and forms part of the natural processes in the Mediterranean. Changes in the nutrient content, and consequently in primary productivity (Solic et al., 1997) , might be the reasons for some "positive effects" such as the increase in fish landings and catch per effort (Caddy et al., 1995) , despite the long term decline in Mediterranean water quality (Duarte et al., 1999 and references therein) . However, the long term changes in nutrient concentration are likely to have severe effects on the biodiversity of the Mediterranean which harbours a large proportion of endemic species in various taxa (Tortonese, 1985; Fredj et al., 1992) .
Limitations of our approach
In the present paper, and particularly when using the Q t model, nutrients were treated as "conservative pollutants" i.e. it was assumed that they remain in solute form for an infinite time and that water masses mix to a great extent. These assumptions are only partly fulfilled. The latter is violated by the distinct circulation patterns in various parts of the Mediterranean and the "stagnant water zones" in some abyssal areas. It is also possible that Qt overestimates the amount of fish farm nutrients retained in the Mediterranean since the concentration of nutrients in water masses of the outflow subsurface current in Gibraltar is always higher than in the inflow from the Atlantic.
The former assumption (i.e. nutrients as conservative pollutants) is even more difficult to fulfil, since the fate of nutrients is governed by a complex set of biogeochemical factors. A large part of the nutrients is consumed and released again by phytoand bacterioplankton, another part is transferred to higher trophic levels, and a further part is lost from the marine environment through various processes such as denitrification (a N sink) or through P adsorption in sinking mineral particles (Krom et al., 1991) . It has recently been estimated (Eijsink et al., 2000) , that in the Eastern Basin only, some 5.5*10 12 mmols of P (i.e. 178 tons of P) are buried annually in the sediment, which is about 58% of the annual ATI estimated by Bethoux et al. (1998) . These findings by Eijsink et al. (2000) , put in question the accuracy of previous estimates of the ATI in the eastern Mediterranean, which assumed negligible P burial. The issue gets more complicated by the fact that part (probably ca 70%) of the above mentioned P burial flux rate is due to the river Nile which stopped after the construction of the Aswan dam and therefore an important source of nutrients for the Mediterranean was lost. It is also worth noting that different nutrient species have different recycling rates (Bishop et al., 1977; Garber, 1984) , and different effects on ecosystem productivity which may be P or N limited in different parts of the Mediterranean and at different times of the year (Berland et al., 1980; Krom et al., 1991; Thingstad and Rassoulzadegan, 1995) . Information on the fate of nutrients and on the role of each nutrient species in controlling primary production in the Mediterranean and particularly in the Eastern Basin would allow the risks that might be caused from the expected increase in nutrient concentrations due to anthropogenic discharges to be assessed more precisely. Recently published information from the eastern Mediterranean (Machias et al., 2004; Machias et al., in press) , indicates that there is a considerable increase in fishery production in the vicinity of aquaculture zones, implying that there is an efficient transfer of nutrients up the food chain.
Despite these limitations, it is clear that the model provides a good indication of the maximal nutrient loads i.e. of the "worst case scenario" which should be taken into account when decisions are made. Furthermore, this type of analysis is advisable for local scales as well in order to avoid adverse effects on both the coastal ecosystems and the reared stocks.
